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The self-consistent chiral quark-soliton model is a relativistic pion mean-field approach in the
large Nc limit, which describes both light and heavy baryons on an equal footing. In the limit of the
infinitely heavy mass of the heavy quark, a heavy baryon can be regarded as Nc − 1 valence quarks
bound by the pion mean fields, leaving the heavy quark as a color static source. The structure of
the heavy baryon in this scheme is mainly governed by the light-quark degrees of freedom. Based
on this framework, we evaluate the electromagnetic form factors of the lowest-lying heavy baryons.
The rotational 1/Nc and strange current quark mass corrections in linear order are considered. We
discuss the electric charge and magnetic densities of heavy baryons in comparison with those of
the nucleons. The results of the electric charge radii of the positive-charged heavy baryons show
explicitly that the heavy baryon is a compact object. The electric form factors are presented. The
form factor of Σ++c is compared with that from a lattice QCD. We also discuss the results of the
magnetic form factors. The magnetic moments of the baryon sextet with spin 1/2 and the magnetic
radii are compared with other works and the lattice data.
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2I. INTRODUCTION
A baryon can be viewed as Nc valence quarks bound by the meson mean field [1, 2] in the 1/Nc expansion within
quantum chromodynamics (QCD), where Nc denotes the number of colors. Witten showed explicitly in his seminal
paper [1] that in two-dimensional QCD the baryon can be considered as a bound state of Nc valence quarks by
the meson mean fields in the Hartree approximation. Since the mass of the nucleon is proportional to Nc and the
meson-loop fluctuations are suppressed by 1/Nc, such a mean-field approach is valid in the large Nc limit. The chiral
quark-soliton model (χQSM) [3–6] was developed based on this idea. In the large Nc limit, the presence of the Nc
valence quarks produces the chiral mean fields coming from the polarization of a Dirac sea that in turn influences self-
consistently the valence quarks. In this picture, the baryon arises as a soliton that consists of the Nc valence quarks. A
very important feature of the chiral mean field or the soliton is hedgehog symmetry. The χQSM described successfully
various properties of the baryon octet and decuplet such as the electromagnetic (EM) properties [7–11], axial-vector
form factors [12], tensor charges and form factors [13–18], semileptonic decays [19–21], parton distributions [22–24],
and so on.
Very recently, it was shown that singly heavy baryons can be considered as Nc − 1 valence quarks bound by the
pion mean field [25], being motivated by Diakonov [26]. In the limit of the infinitely heavy quark mass (mQ → ∞),
the spin of the heavy quark JQ is conserved, which leads to the conservation of the spin of the light-quark degrees of
freedom: J = J ′ − JQ [27, 28]. In this limit, the heavy quark inside a singly heavy baryon can be merely regarded
as a static color source, which means that the heavy quark is required only to make the heavy baryon a color singlet.
Thus, the flavor SUf(3) representations of the lowest-lying heavy baryons are given by 3 ⊗ 3 = 3 ⊕ 6, of which the
baryon antitriplet has J = 0 and J ′ = 1/2, whereas the sextet has J = 1. The light quarks with J = 1 being coupled
to the spin of the heavy quark JQ = 1/2, the baryon sextet have spins 1/2 and 3/2. So, there are two representations
with spin 1/2 and 3/2 in the baryon sextet, which are degenerate in the limit of mQ → ∞. The hyperfine spin-spin
interaction will lift the degeneracy between these states with different spins [25].
In the χQSM, we can apply basically the same formalism on the singly heavy baryons, which have been developed
for the description of light baryons. Considering the heavy quark as a static color source, the heavy baryon can be
regarded as a system of the Nc − 1 valence quarks with the heavy quark stripped off from the valence level. In the
case of the light baryons, the collective Hamiltonian is constrained by the right hypercharge Y ′ = Nc/3 imposed by
the Nc valence quarks, which selects the lowest allowed SUf(3) representations such as the octet (8) and the decuplet
(10). However, when it comes to the singly heavy baryons, this constraint should be changed to be Y ′ = (Nc − 1)/3
because of the Nc − 1 valence quarks inside a heavy baryon and yields the antitriplet (3) and the sextet (6) as the
lowest allowed representations. In addition, we need to modify the valence parts of all moments of inertia and quark
densities for the calculation of any form factors. This extension of the χQSM was rather successful in describing the
masses of the lowest-lying singly heavy baryons in both the charmed and bottom sectors, and the mass of the Ω∗b was
predicted [25, 29]. Moreover, newly found Ωc resonances [31] were well explained and classified. In particular, two
of the Ωc resonances were interpreted as exotic baryons belonging to the antidecapentaplet (15) with their narrow
widths correctly reproduced [30, 32].
In the present work, we want to investigate the EM properties of the lowest-lying singly heavy baryons with spin
1/2. Assuming that the mass of the heavy quark is infinitely heavy, we will show that the main features of the EM
form factors are governed by the Nc−1 light quarks. Of course, the electric form factor requires a certain contribution
from the heavy quark such that the charge of the heavy baryons should be correctly reproduced. Since the EM current
is decomposed into the light and heavy parts, the heavy-quark contribution can be treated separately. Its effects on
the electric form factors are just the constant ones within the present framework, which indicates that the heavy quark
is considered to be a structureless particle. This is a natural consequence, because we deal with the heavy quark just
as a static color source. Since any form factor in QCD should decrease rapidly as the square of the momentum transfer
increases because of gluon exchanges between the quarks that constitutes a baryon, the present picture of the electric
form factors may be put into question. However, keeping in mind that the χQSM is the low-energy effective theory
of the nucleon, we still can treat the heavy quark as a static one in the limit of mQ → ∞, as far as the momentum
transfer remains much smaller than the heavy-quark mass, i.e., q2  m2Q. We will show that this approach indeed
produces reasonable results for the electric form factors of the heavy baryons in comparison with the lattice data [33].
In the case of the magnetic form factors, the situation is even better. In the limit of mQ →∞, the effects of the heavy
quark vanishes, since the magnetic moment of the heavy quark is proportional to the inverse of the heavy-quark mass.
Thus, the magnetic form factors of the singly heavy baryons are solely governed by the light quarks.
We sketch the structure of the present paper as follows: In Sec. II, we show how to compute the EM form factors of
the heavy baryons within the χQSM. In Sec. III, we present and discuss the numerical results of the EM form factors
and the corresponding charge and magnetic radii. We also examine the effects of the SUf(3) symmetry breaking. The
final section is devoted to the summary and conclusions.
3II. GENERAL FORMALISM
The EM current including the heavy quark (the charm quark or the bottom quark) is expressed as
Jµ(x) = ψ¯(x)γµQˆψ(x) + eQΨ¯γµΨ, (1)
where Qˆ denotes the charge operator in SUf(3), defined by
Qˆ =
 23 0 00 − 13 0
0 0 − 13
 = 1
2
(
λ3 +
1√
3
λ8
)
. (2)
Here, λ3 and λ8 are the flavor SU(3) Gell-Mann matrices. The eQ in the second part of the EM current in Eq. (1)
stands for the heavy-quark charge, which is given as ec = 2/3 for the charm quark or as eb = −1/3 for the bottom
quark. Since the magnetic form factor of a heavy quark is proportional to the inverse of the corresponding heavy-quark
mass, i.e., µ ∼ (eQ/mQ)σ, we can ignore the contribution from the heavy quark current in the limit of mQ → ∞.
However, we need to keep the second term in Eq. (1) when we compute the electric form factors. The EM form factors
of the spin-1/2 baryons are defined by the matrix element of the EM current
〈B, p′|Jµ(0)|B, p〉 = uB(p′, λ′)
[
γµF1(q
2) + iσµν
qν
2MN
F2(q
2)
]
uB(p, λ), (3)
where MN is the mass of the nucleon. The q
2 stands for the four-momentum transfer q2 = −Q2 with Q2 > 0. uB(p, λ)
denotes the Dirac spinor with the momentum p and the helicity λ. The Dirac and Pauli form factors F1(Q
2) and
F2(Q
2) can be written in terms of the Sachs EM form factors, GE(Q
2) and GM (Q
2)
GBE(Q
2) = FB1 (Q
2)− τFB2 (Q2),
GBM (Q
2) = FB1 (Q
2) + FB2 (Q
2), (4)
with τ = Q2/4M2N . In the Breit frame, the Sachs form factors are related to the time and space components of the
EM current, respectively,
GBE(Q
2) =
∫
dΩq
4pi
〈B, p′|J0(0)|B, p〉,
GBM (Q
2) = 3MN
∫
dΩq
4pi
qiik3
i|q|2 〈B, p
′|Jk(0)|B, p〉. (5)
Thus, once we compute the matrix elements of the EM current, we can directly derive the EM form factors. Note
that we consider the heavy-quark part separately.
The SU(3) χQSM is characterized by the following low-energy effective partition function in Euclidean space
ZχQSM =
∫
DψDψ†DU exp
[
−
∫
d4xψ†iD(U)ψ
]
=
∫
DU exp(−Seff), (6)
where ψ and U represent the quark and pseudo-Nambu-Goldstone boson fields, respectively. The Seff is the effective
chiral action,
Seff(U) = −NcTr ln iD(U) , (7)
where Tr stands for the generic trace operator running over spacetime and all relevant internal spaces. The Nc is the
number of colors, and D(U) the Dirac differential operator is defined by
D(U) = γ4(i/∂ − mˆ−MUγ5) = −i∂4 + h(U)− δm, (8)
where ∂4 denotes the Euclidean time derivative. We assume isospin symmetry, i.e., mu = md. We define the average
mass of the up and down quarks by m = (mu + md)/2. Then, the matrix of the current quark masses is written as
mˆ = diag(m, m, ms) = m+ δm. δm is written as
δm =
−m+ms
3
γ41 +
m−ms√
3
γ4λ
8 = M1γ41 +M8γ4λ
8 , (9)
4where M1 and M8 are the singlet and octet components of the current quark masses, expressed, respectively, as
M1 = (−m+ms)/3 and M8 = (m−ms)/
√
3. The SU(3) single-quark Hamiltonian h(U) is defined as
h(U) = iγ4γi∂i − γ4MUγ5 − γ4m, (10)
where Uγ5 represents the SU(3) chiral field. Since the hedgehog symmetry constrains the form of the classical pion
field as pi(x) = nˆ · τP (r), where P (r) is the profile function of the soliton, the SU(2) chiral field is written as
Uγ5SU(2) = exp(iγ
5nˆ · τP (r)) = 1 + γ
5
2
USU(2) +
1− γ5
2
U†SU(2) (11)
with USU(2) = exp(inˆ · τP (r)). We now embed the SU(2) soliton into SU(3) by Witten’s ansatz [2]
Uγ5(x) =
(
Uγ5SU(2)(x) 0
0 1
)
. (12)
Since we consider the mean-field approximation, we can carry out the integration over U in Eq. (6) around the
saddle point (δSeff/δP (r) = 0). This saddle-point approximation yields the equation of motion that can be solved
self-consistently. The solution provides the self-consistent profile function Pc(r).
The matrix elements of the EM current (3) can be computed within the χQSM by representing them in terms of
the functional integral in Euclidean space,
〈B, p′|Jµ(0)|B, p〉 = 1Z limT→∞ exp
(
ip4
T
2
− ip′4
T
2
)∫
d3xd3y exp(−ip′ · y + ip · x)
×
∫
DU
∫
Dψ
∫
Dψ†JB(y, T/2)ψ†(0)γ4γµQˆψ(0)J†B(x, −T/2) exp
[
−
∫
d4zψ†iD(U)ψ
]
, (13)
where the baryon states |B, p〉 and 〈B, p′| are, respectively, defined by
|B, p〉 = lim
x4→−∞
exp(ip4x4)
1√Z
∫
d3x exp(ip · x)J†B(x, x4)|0〉,
〈B, p′| = lim
y4→∞
exp(−ip′4y4)
1√Z
∫
d3y exp(−ip′ · y)〈0|J†B(y, y4). (14)
The heavy baryon current JB can be constructed from the Nc − 1 valence quarks
JB(x) =
1
(Nc − 1)!i1···iNc−1Γ
α1···αNc−1
JJ3TT3Y
ψα1i1(x) · · ·ψαNc−1iNc−1(x), (15)
where α1 · · ·αNc−1 represent spin-flavor indices and i1 · · · iNc−1 color indices. The matrices Γα1···αNc−1JJ3TT3Y are taken to
consider the quantum numbers JJ3TT3Y of the Nc − 1 soliton. The creation operator J†B can be constructed in
a similar way. As for the detailed formalism of the zero-mode quantization and the techniques of computing the
baryonic correlation function given in Eq. (13), we refer to Refs. [5, 7].
Having quantized the soliton, we obtain the collective Hamiltonian as
Hcoll = Hsym +Hsb, (16)
where
Hsym = Mcl +
1
2I1
3∑
i=1
J2i +
1
2I2
7∑
p=4
J2p ,
Hsb = αD
(8)
88 + βYˆ +
γ√
3
3∑
i=1
D
(8)
8i Jˆi. (17)
I1 and I2 are the soliton moments of inertia. The parameters α, β, and γ for heavy baryons are defined by
α =
(
−ΣpiN
3m0
+
K2
I2
Y
)
ms, β = −K2
I2
ms, γ = 2
(
K1
I1
− K2
I2
)
ms, (18)
5where that the three parameters α, β, and γ are expressed in terms of the moments of inertia I1, 2 and K1, 2. The
valence parts of them are different from those in the light baryon sector by the color factor Nc−1 in place of Nc. The
expression of ΣpiN is similar to the piN sigma term again except for the Nc factor: ΣpiN = (Nc − 1)N−1c ΣpiN . The
detailed expressions for the moments of inertia and ΣpiN are found in Ref. [29].
Because of the symmetry-breaking part of the collective Hamiltonian Hsb, the baryon wave functions are no more
pure states but are mixed ones with those in higher SU(3) representations. Thus the wave functions for the baryon
antitriplet (J = 0) and the sextet (J = 1) are derived, respectively, as [29]
|B30〉 = |30, B〉+ pB15|150, B〉,
|B61〉 = |61, B〉+ qB15|151, B〉+ qB24|241, B〉, (19)
with the mixing coefficients
pB
15
= p15
[ −√15/10
−3√5/20
]
, qB
15
= q15
 √5/5√30/20
0
 , qB
24
= q24
 −√10/10−√15/10
−√15/10
 , (20)
respectively, in the basis [ΛQ, ΞQ] for the antitriplet and
[
ΣQ, Ξ
′
Q, ΩQ
]
for the sextets. The parameters p15, q15, and
q24 are given by
p15 =
3
4
√
3
αI2, q15 = −
1√
2
(
α+ 23γ
)
I2, q24 =
4
5
√
10
(
α− 1
3
γ
)
I2. (21)
Having obtained the mixing parameters, we are able to express explicitly the wave function of a state with flavor
F = (Y, T, T3) and spin S = (Y
′ = −2/3, J, J3) in the representation ν in terms of a tensor with two indices,
i.e., ψ(ν;F ),(ν;S), one running over the states F in the representation ν and the other one over the states S in the
representation ν. Here, ν represents the complex conjugate of the ν, and the complex conjugate of S is given as
S = (2/3, J, J3). Since a singly heavy baryon consists of Nc − 1 light valence quarks, the constraint imposed on the
right hypercharge should be modified from Y = −Y ′ = Nc/3 to Y = (Nc − 1)/3. Thus, the collective wave function
for the soliton with (Nc − 1) valence quarks is written as
ψ(ν;F ),(ν;S)(R) =
√
dim(ν)(−1)QS [D(ν)F S(R)]∗, (22)
where dim(ν) represents the dimension of the representation ν and QS a charge corresponding to the baryon state S,
i.e., QS = J3 + Y
′/2.
The complete wave function for a heavy baryon can be constructed by coupling the soliton wave function to the
heavy quark
Ψ
(R)
BQ
(R) =
∑
J3, JQ3
C
J′ J′3
J,J3 JQ JQ3
χJQ3 ψ(ν;Y, T, T3)(ν;Y ′, J, J3)(R) (23)
where χJQ3 denote the Pauli spinors and C
J′ J′3
J,J3 JQ JQ3
the Clebsch-Gordan coefficients.
The final expression for the electric form factor of a heavy baryon B can be written as
GBE(q
2) =
∫
d3zj0(|q||z|)GBE (z) +GQE(q2), (24)
where the first part of Eq. (24) is the light-quark contribution to the electric form factor whereas the second part
corresponds to the pointlike heavy quark. The electric charge density of a light-quark part can be expressed as
GBE (z) =
1√
3
〈D(8)Q8〉BB(z)−
2
I1
〈D(8)Qi Jˆi〉BI1(z)−
2
I2
〈D(8)QpJˆp〉BI2(z)
− 4M8
I1
〈D(8)8i D(8)Qi 〉B(I1K1(z)−K1I1(z))
− 4M8
I2
〈D(8)8p D(8)Qp〉B(I2K2(z)−K2I2(z))
− 2
(
M1√
3
〈D(8)Q8〉B +
M8
3
〈D(8)88 D(8)Q8〉B
)
C(z), (25)
6where the explicit expressions for the electric densities can be found in Refs. [7, 34] with the prefactors of the valence
parts replaced by Nc− 1. The indices i and p are dummy ones running over i = 1, · · · , 3 and p = 4, · · · 7, respectively.
In the present mean-field approach, the heavy-quark contribution to the electric form factor is just the constant charge
of the corresponding heavy quark (ec = 2/3 or eb = −1/3), because the heavy quark is assumed to be a static color
source and a pointlike particle. Of course, this is a rather crude approximation but it is still a reasonable one as far
as we consider the electric form factors in low Q2 regions. Thus, we set GQE(Q
2) = eQ in the present work.
Since the integrations of the densities in Eq. (25) are given as∫
d3z B(z) = Nc, 1
Ii
∫
d3z Ii(z) = 1, 1
Ki
∫
d3zKi(z) = 1,
∫
d3z C(z) = 0, (26)
and GQE(0) = eQ, the electric form factor G
B
E at Q
2 = 0 turns out to be the charge of the corresponding heavy baryon.
The expression for the magnetic moment form factor of a baryon B is written as
GBM (q
2) =
MN
|q|
∫
d3z
j1(|q||z|)
|z| G
B
M (z), (27)
where the corresponding density of the magnetic form factors is given by
GBM (z) = 〈D(8)Q3〉B
(
Q0(z) + 1
I1
Q1(z)
)
− 1√
3
〈D(8)Q8J3〉B
1
I1
X1(z)− 〈dpq3D(8)QpJq〉B
1
I2
X2(z)
+
2√
3
M8〈D(8)83 D(8)Q8〉B
(
K1
I1
X1(z)−M1(z)
)
+ 2M8〈dpq3D(8)8p D(8)Qq〉B
(
K2
I2
X2(z)−M2(z)
)
− 2
(
M1〈D(8)Q3〉B +
1√
3
M8〈D(8)88 D(8)Q3〉B
)
M0(z). (28)
The indices p and q are the dummy indices running over 4 · · · 7. The explicit forms for the magnetic densities can be
found in Ref. [7, 34] with the prefactors of the valence parts replaced by Nc−1. The matrix elements of the collective
operators are explicitly given in Appendix A. The magnetic form factor at Q2 = 0 produces the magnetic moment of
the corresponding baryon. So, it is convenient to express a collective operator for the magnetic moments [35] as
µˆ = w1D
(8)
Q3 + w2dpq3D
(8)
Qp · Jˆq +
w3√
3
D
(8)
Q8Jˆ3
+
w4√
3
dpq3D
(8)
QpD
(8)
8q + w5
(
D
(8)
Q3D
(8)
88 +D
(8)
Q8D
(8)
83
)
+ w6
(
D
(8)
Q3D
(8)
88 −D(8)Q8D(8)83
)
, (29)
where the dynamical coefficients wi can be found in Appendix B. The results of the magnetic moments and wi are
compared with those from the model-independent analysis [35] also in Appendix B.
III. RESULTS AND DISCUSSION
We are now in a position to discuss the results from the present work. We first briefly mention how to fix the
parameters of the model. We refer to Refs. [5, 7] for a detailed explanation of numerical methods. The only free
parameter of the χQSM is the dynamical quark mass M of which the numerical value was already fixed by computing
various form factors of the nucleon. Its most preferable value is M = 420 MeV. Nevertheless, we have checked whether
the present results are sensitive to it with M varied from 400 to 450 MeV. All the form factors presented in this work
are rather insensitive to the value of M , so we choose the value for the best fit, i.e., M = 420 MeV as in the light-
baryon sector case [5, 7, 12, 17, 18, 20]. Note that the same value of M was selected also for the mass splitting of the
heavy baryons [29]. There are yet another parameters in the χQSM: the average mass of the current up and down
quarks m, the strange current quark mass ms, and the cutoff parameter Λ of the proper-time regularization. The
value of m was fixed to be m = 6.131 MeV by reproducing the pion mass whereas the cutoff parameter is determined
by reproducing the pion decay constant fpi = 93 MeV.
The strange current quark mass can be in principle taken from its canonical value ms = 150 MeV which was
obtained by reproducing the kaon mass in the model. However, ms = 180 MeV was used for the calculation of the
form factors and other properties of the SUf(3) light baryons effectively. Very recently, the dependence of the mass
splittings of heavy baryons on ms were examined within the same framework of the χQSM [29] and the best values
of ms were obtained to be ms = 174 MeV and ms = 166 MeV for the mass splittings of the charmed baryons and
the bottom baryons, respectively. Thus, instead of using the previous value 180 MeV, we will use the same values of
7ms as obtained in Ref. [29] for consistency, regarding ms as an effective mass. However, the EM form factors of the
heavy baryons show rather tiny dependence on the numerical value of ms, so the difference of the ms value does not
affect the results at all.
A. Electric form factors of the baryon antitriplet and sextet with spin 1/2
The electric form factor of a baryon at Q2 = 0 is the same as its corresponding charge. Integrating the electric
charge density of the baryon given in Eq. (25) over three-dimensional space, one obtains the corresponding charge.
In fact, the collective charge operator is found from Eq. (25):
Qˆ =
Nc
2
√
3
D
(8)
38 +
Nc
6
D
(8)
88 +
7∑
i=1
D
(8)
3i Tˆi +
1√
3
7∑
i=1
D
(8)
8i Tˆi, (30)
where Tˆi are the generators of SU(3) group. Using the relations
Tˆ8 =
Nc
2
√
3
, Tˆ3 =
8∑
i=1
D
(8)
3i Tˆi, Yˆ =
2√
3
8∑
i=1
D
(8)
8i Tˆi, (31)
Then we find the well-known Gell-Mann-Nishijima formula in SUf(3)
Qˆ = Tˆ3 +
Yˆ
2
. (32)
Sandwiching the charge operator Qˆ between the collective baryon wave functions, we get the charge of the light-
quark pair inside the corresponding baryon. In order to yield the correct charge of the baryon concerned, we have
to introduce in addition the charge of a heavy quark inside it, as mentioned previously already. Thus, the Q2
dependence of the electric form factor of a heavy baryon in the present scheme is solely governed by the light quarks.
The contribution of the pointlike heavy quark is just its own constant charge eQ as given in Eq. (24). Though this
mean-field approximation may be a crude one, the Q2 dependence of the electric form factors will explain a certain
characteristics of the electric structure of the heavy baryons.
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FIG. 1. Electric charge densities of the soliton (J = 1) for the Σ+c soliton and the proton charge densities. In the left panel, the
electric charge density of Σ+c is drawn whereas in the right panel that of the proton is depicted. The dashed curve represents
the contribution of the valence quarks, while the dot-dashed one illustrates that of the sea quarks. The solid curve shows the
total density.
In the present mean-field approach, the light-quark dynamics inside both a heavy baryon and a light baryon is
treated on the same footing. Only difference lies in the different Nc counting factor, as explained previously. Thus,
it is of great interest to examine the electric charge and magnetic densities of the heavy baryons with those of the
proton and the neutron, before we compute the EM form factors of the heavy baryons. In the left panel of Fig. 1, we
draw the electric charge densities of the soliton for Σ+c , which consists of the light-quark pair (ud) with spin J = 1.
8Note that Σ+c is a positive-charged member of the baryon antitriplet. The heavy quark inside Σ
+
c is assumed to be
located at rest at the center of it. So, its charge density is just given by the delta function. The results are compared
with those of the proton depicted in the right panel of Fig. 1. The general feature of the charge densities of the soliton
of the light-quark pair inside Σ+c is almost the same as the proton one. The electric charge of the light-quark pair
inside Σ+c is +1/3 whereas the proton has +1. Thus, both the electric charge densities are positive definite over the
whole r region. The difference between these two electric charge densities is found only in the strength of the electric
charge. Hence, the proton electric charge density turns out to be approximately three times larger than that of the
soliton for Σ+c . The sea-quark polarizations show marginal effects on both the electric charge densities.
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FIG. 2. Electric charge densities of the soliton (J = 1) for Σ0c and the neutron charge densities. In the left panel, charge density
of Σ0c is drawn whereas in the right panel that of the neutron is depicted. The dashed curve represents the contribution of the
valence quarks, while the dot-dashed one illustrates that of the sea quarks. The solid curve shows the total contribution.
Figure 2 compares the electric charge densities of the soliton inside the neutral member Σ0c of the baryon antitriplet
with those of the neutron ones. Since the Σ0c contains two down valence quarks, the charge distribution of the soliton
inside Σ0c becomes negative. Apart from the sign of the densities, the general behavior of the light-quark electric
charge density of Σ0c is very similar to that of the proton or Σ
+
c . The sea-quark polarization inside Σ
0
c is a stronger
than those inside the Σ+c or proton case. On the other hand, the neutron electric charge density is rather different
from that of Σ0c . In this case, the valence quarks govern the inner part of the neutron density, whereas the sea-quark
polarization is dominant over its tail part. Thus even though the Σ0c is the neutral baryon, its light-quark charge
density behave very differently, compared with the neutron density. We will soon see that this difference will be clearly
shown in the electric form factors of the neutral heavy baryons. All other charge densities of the positive-charged
heavy baryons are very similar to that of Σ+c , and those of the neutral ones to that of Σ
0
c .
In Fig. 3, the electric form factors of the singly positive-charged heavy baryons with spin 1/2 are drawn as functions
of Q2. They decrease monotonically as Q2 increases. This feature is very similar to that of the proton, which is
already expected from the comparison of the charge densities in Fig. 1. So, it is also of great interest to compare
the results of Fig. 3 with the proton electric form factor, as shown in Fig. 4. The electric form factor of the proton
was obtained within the same framework with exactly the same parameters. The comparison exhibits a remarkable
difference. The electric form factor of the proton falls off much faster than those of the singly positive-charged heavy
baryons. It reveals a profound physical meaning: The heavy baryons are electrically compact objects, so that they are
much smaller than the proton. This will be more clearly seen in the results of the charge radii which will be discussed
later.
In Fig. 5, we show the results of the electric form factors of the neutral heavy baryons. They start to rise fast
and then slow down as Q2 increases. The results are rather different from that of the neutron as discussed already
in Fig. 2. The neutron electric form factor increases also as Q2 increases up to around 0.4 GeV2 and then starts to
decrease very slowly [7, 36]. The experimental data also confirm this behavior of the neutron form factor [37]. As
shown in Fig. 2, the neutron charge density is governed by the up quarks in the inner part of the neutron, whereas the
negative-charged down quark dominates its tail part. On the other hand, the charge densities of the neutral heavy
baryons are rather similar to those of the positive-charged ones except for the sign. Accordingly, the electric form
factors of the neutral heavy baryons increase slowly and monotonically as Q2 increases. However, one should bear
in mind that the present mean-field approach is only valid in the lower Q2 region, say, up to around 1 GeV2 or even
lower values of Q2.
In Fig. 6, we draw the numerical result of the electric form factor of Σ++c , comparing it with those from lattice
90.0 0.2 0.4 0.6 0.8 1.0
Q 2[GeV2]
0.7
0.8
0.9
1.0
1.1
G
E
(Q
2
)
Λ+c
Ξ+c
Σ+c
Ξ′+c
FIG. 3. Electric form factors of the singly positive-charged charmed baryons. The solid curve draws that of Λ+c , the long-dashed
one for Ξ+c , the dashed one for Σ
+
c , and the dot-dashed one for Ξ
′+
c .
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FIG. 4. Electric form factors of the singly positive-charged charmed baryons in comparison with that of the proton. The solid
curve draws that of Λ+c , the long-dashed one for Ξ
+
c , the dashed one for Σ
+
c , and the dot-dashed one for Ξ
′+
c . The short-dashed
curve depicts the proton electric form factor.
QCD [33]. Figure 6 shows that the present result falls off faster than the lattice ones. However, we want to emphasize
on the fact that the lattice data on the electric form factor of the proton with the unphysical value of the pion mass
tend to decrease slower than the experimental data. For example, all the lattice calculations [38–41] yield the results
of the nucleon electric form factor, which fall off rather slowly in comparison with the experimental data. Even a
very recent lattice calculation at the physical point [42] shows a similar feature. The same tendency was also found
in the case of the tensor and anomalous tensor form factors of the nucleon [17, 18]. The lattice results of these form
factors [43, 44] also fall off much more slowly than those results of the χQSM.
In the present mean-field approach, there is in principle no difference between the electric form factors of the
charmed baryons and those of the bottom baryons, since the same light quarks govern the Q2 dependence of the form
factors. The charge of the bottom quark makes their electric form factors distinguished from those of the charmed
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FIG. 5. Electric form factors of the neutral charmed baryons. The solid curve draws that of Ξ0c , the long-dashed one for Σ
0
c ,
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FIG. 6. Electric form factor of Σ++c as a function of Q
2. The result is compared with those from lattice QCD [33]. kud denotes
the light-quark hopping parameter [33].
baryons. In Fig. 7, we draw the electric form factors of the bottom baryons. In the upper left panel of Fig. 7, those
of the neutral bottom baryons are depicted. Interestingly, they are all negative, which are different from those of the
neutral charmed baryons. This can be understood from the differrent charges of the charm and bottom quarks. The
upper right panel of Fig. 7 present the electric form factors of the negative-charged bottom baryons. That of Σ+b is
illustrated in the lower panel of Fig. 7. We find that it becomes negative at around 0.55 GeV2, which is again due to
the negative charge eb = −1/3 of the bottom quark.
In the present approach, more important observables are the electric charge radii, since they are determined by the
behavior of the electric form factors near Q2 = 0 and provide information on the sizes of the heavy baryons. The
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FIG. 7. Electric form factors of the bottom baryons as functions of Q2. In the upper left panel, those of the neutral bottom
baryons are drawn. The upper right panel presents those of the negative-charged bottom baryons. In the lower panel, that of
Σ+b is drawn.
TABLE I. Electric charge radii of the charmed baryons in units of fm2.
Baryon 〈r2〉Bc(ms=0MeV)E 〈r2〉Bc(ms=174MeV)E [33]
Λ+c 0.26 0.24 –
Ξ+c 0.26 0.24 –
Ξ0c -0.52 -0.51 –
Σ++c 0.60 0.59 0.234± 0.037
Σ+c 0.30 0.27 –
Σ0c -0.60 -0.66 –
Ξ′+c 0.30 0.30 –
Ξ′0c -0.60 -0.63 –
Ω0c -0.60 -0.60 –
electric charge radii of the baryons is defined by
〈r2〉BQE = −
6
GBE(0)
dGBE(Q
2)
dQ2
∣∣∣∣
Q2=0
. (33)
Note that the electric charge radius given in Eq. (33) is normalized by the value of the corresponding electric form
factor at Q2 = 0 for a charged heavy baryon. As for a neutral one, we do not normalize it. Since the heavy-quark
contribution to the electric form factors is just the constant charge of the related heavy baryon, it does not contribute
to the electric charge radii. Thus, the electric charge radii are solely determined by the solitons of the light-quark pair.
In Table I, we list the results of the electric charge radii of the charmed baryons. In the second and third columns,
those with ms = 0 and ms = 174 MeV are presented. The results show explicitly that in the SUf(3) symmetric case
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TABLE II. Electric charge radii of the bottom baryons in units of fm2.
Baryon 〈r2〉Bb(ms=0MeV)E 〈r2〉Bb(ms=166MeV)E
Λ0b 0.26 0.24
Ξ0b 0.26 0.24
Ξ−b 0.52 0.51
Σ+b 0.60 0.60
Σ0b 0.30 0.27
Σ−b 0.60 0.66
Ξ0b 0.30 0.30
Ξ−b 0.60 0.63
Ω−b 0.60 0.60
the U -spin symmetry is preserved, i.e. we have the following relations in each representation
〈r2〉Λ+cE = 〈r2〉Ξ
+
c
E = −
1
2
〈r2〉Ξ0cE ,
〈r2〉Σ+cE = 〈r2〉Ξ
′+
c
E = −
1
2
〈r2〉Σ0cE −
1
2
〈r2〉Ξ′0cE = −
1
2
〈r2〉Ω0cE =
1
2
〈r2〉Σ++cE . (34)
The results listed in Table I indicate that the effects of SUf(3) are marginal. We see that the baryon antitriplet have
smaller sizes than those of the baryon sextet with spin 1/2. Moreover, as we already mentioned in discussion of Fig. 2,
the electric charge radii of the positive-charged heavy baryons are noticeably smaller than that of the proton that is
experimentally known to be 〈r2〉pE = (0.70− 0.74) fm2 [45]. The present result of the electric charge radius for Σ++c is
compared with the lattice data [33]. As expected from Fig. 6, the present result is significantly larger than the lattice
one. In Table II, we list the results of the electric charge radii of the bottom baryons. The results are the same as
those of the charmed baryons in the present mean-field approach.
B. Magnetic form factors of the baryon sextet with spin 1/2
We now turn our attention to the magnetic form factors of the heavy baryons, which are expressed in Eqs. (27)
and (28). Assuming that the mass of the heavy quark is infinitely heavy, the heavy quark does not contribute to the
magnetic form factors of the heavy baryons, since the heavy-quark contribution is proportional to the inverse of the
heavy-quark mass (µc ∼ 1/mQ). Thus, the magnetic form factors of the heavy baryons are completely governed by the
light-quark soliton. Note that in the present approach all the magnetic form factors of the baryon antitriplet vanish,
since the soliton inside the baryon antitriplet has spin J = 0. It implies that they will be ascribed to higher-order
corrections beyond the mean-field approximation and should be rather small. Thus, in this present work, we present
the results of the magnetic form factors of the baryon sextet with spin 1/2. Those with spin 3/2 need to be treated
separately, since their spin structures are more involved than the case of spin 1/2. The results of the spin 3/2 heavy
baryons will appear elsewhere.
Figure 8 compares the magnetic densities of Σ+c with those of the proton. As in the case of the electric charge
densities, we find that the general feature of the Σ+c magnetic densities is very similar to the proton ones. The
difference is found only in the magnitudes of the densities. In Fig. 9, the magnetic densities of Σ0c are compared with
those of the neutron. Both of them look similar each other except for the magnitudes again.
In the left panel of Fig. 10, we show the results of the magnetic form factors of the positive-charged baryon sextet
with spin 1/2. The magnetic form factor of Ξ′+c is larger than that of Σ
+
c . Both form factors decrease monotonically
as Q2 increases. In the right panel of Fig. 10, we compare the results of the magnetic form factors of Σ+c and Ξ
′+
c
with that of the proton. We already expect that the protom magnetic form factor should be larger than those of these
heavy baryons from the comparison of the magnetic densities in Fig. 8. In Figs. 11 and 12, we present the magnetic
form factors of all the other members of the baryon sextet with spin 1/2. They start to fall off as Q2 increases. For
completeness, we draws in Fig. 13 the results of the magnetic form factors of the bottom baryon sextet with spin 1/2.
As in the case of the electric charge radii, we also have the relation from the U -spin symmetry when ms is set equal
to zero:
µ(Σ0c) = µ(Ξ
′0
c ) = µ(Ω
0
c) = −2µ(Σ+c ) = −2µ(Ξ′+c ). (35)
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FIG. 8. Magnetic densities of the soliton (J = 1) for the Σ+c and the proton magnetic densities. In the left panel, magnetic
densities of Σ+c are drawn whereas in the right panel that of the proton are depicted. The dashed curve represents the
contribution of the valence quarks, while the dot-dashed one illustrates that of the sea quarks. The solid curve shows the total
contribution.
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FIG. 9. Magnetic densities of the soliton (J = 1) for the Σ0c and the neutron magnetic densities. In the left panel, magnetic
density of Σ0c are drawn whereas in the right panel that of the neutron are depicted. The dashed curve represents the contribution
of the valence quarks, while the dot-dashed one illustrates that of the sea quarks. The solid curve shows the total contribution.
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FIG. 10. Magnetic form factors of the singly positive-charged baryon sextet with J ′ = 1/2. In the left panel the magnetic
form factors of the singly positive-charged baryon sextet are drawn. The solid curve depicts that of Σ+c whereas the dashed
one illustrates that of Ξ′+c . In the right panel, the magnetic form factors of Σ
+
c and Ξ
′+
c are compared with that of the proton.
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FIG. 11. Magnetic form factor of the neutral baryon sextet with J ′ = 1/2. In the left panel the magnetic form factors of the
neutral baryon sextet are drawn. The solid curve depicts that of Σ0c whereas the dashed and short dashed ones illustrate those
of Ξ′0c and Ω
0
c , respectively. In the right panel, the magnetic form factors of the neutral baryon sextet are compared with that
of the neutron.
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FIG. 12. Magnetic form factor of Σ++c .
As discussed in Ref. [35], we can find the relations arising from the isospin symmetry:
µ(Σ++c ) − µ(Σ+c ) = µ(Σ+c ) − µ(Σ0c),
µ(Σ0c) − µ(Ξ′0c ) = µ(Ξ′0c ) − µ(Ω0c),
2[µ(Σ+c ) − µ(Ξ′0c )] = µ(Σ++c ) − µ(Ω0c). (36)
Note that relations in Eq. (36) are also valid when the SUf(3) symmetry is broken. Yet another interesting relation
is the sum rule of the baryon magnetic moments of the baryon sextet with spin 1/2. If one adds all the magnetic
moments of the baryon sextet with spin 1/2 in the SUf(3) symmetric case, then we obtain the sum rule∑
Bc∈sextet
µ(Bc) = 0. (37)
In Ref. [10], one finds a very similar relation for the magnetic moments of the baryon decuplet. However, while
the sum of all the magnetic moments of the baryon decuplet is the same as that of all the electric charges of the
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FIG. 13. Magnetic form factors of the bottom baryon sextet with J ′ = 1/2.
corresponding baryons [10], Eq. (37) is identical to the sum of 2Q− 1 for all the members of the baryon sextet, where
Q denotes the charge of the corresponding heavy baryon in the sextet. Thus, Eq. (37) is satisfied. Note that Eq. (37)
is no more valid when the effects of SUf(3) symmetry breaking are considered.
TABLE III. Magnetic moments of the charmed baryon sextet with spin 1/2 in comparison with various models. The results
are given in units of the nuclear magneton µN .
Baryon µ
(ms=0MeV)
Bc
µ
(ms=174MeV)
Bc
[35] [46] [47] [48] [49] [33, 52]
Σ++c 1.58 1.60 2.15± 0.1 1.95 2.45 1.76 1.50+0.18−0.20 2.220± 0.505
Σ+c 0.39 0.33 0.46± 0.03 0.41 0.25 0.36 0.120.06−0.10 –
Σ0c -0.79 -0.94 -1.24± 0.05 -1.1 -1.96 -1.04 -1.25+0.08−0.08 -1.073± 0.269
Ξ′+c 0.39 0.44 0.60± 0.02 0.77 – 0.47 0.32+0.13−0.11 0.315± 0.141
Ξ′0c -0.79 -0.84 -1.05± 0.04 -1.12 – -0.95 -0.95+0.08−0.05 -0.599± 0.071
Ω0c -0.79 -0.75 -0.85± 0.05 -0.79 – -0.85 -0.67+0.09−0.09 -0.639± 0.088
While there are very few theoretical works on the EM form factors of the heavy baryons [50, 51], the magnetic
moments of the heavy baryons have been studied within various theoretical models. In this work, we compare the
present results of the magnetic moments with those of Refs. [33, 35, 46–49, 52]. In Table III, we list the results of the
magnetic moments of the baryon sextet with spin 1/2. In the second and third columns, the results of the magnetic
moments without and with the linear ms corrections, respectively. The effects of the SUf(3) symmetry breaking are
in the range of 2% − 20%. For example, the Ω0c magnetic moment acquires a marginal contribution from the ms
corrections, whereas Σ0c gets about 20% corrections. We first compare the results with those from Ref. [35] where the
same framework was used but the dynamical parameters wi were fixed by using the experimental data on those of
the baryon octet. We see that the magnitudes of the results are consistently smaller than those of Ref. [35]. Except
for the Ω0c magnetic moment, the present results are in general smaller than those of Ref. [46] where the Skyrme
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TABLE IV. Magnetic moments of the bottom baryon sextet with spin 1/2 in units of the nuclear magneton µN .
µ
(ms=0MeV)
Bb
µ
(ms=166MeV)
Bb
[35] [47] [48]
Σ+b 1.58 1.60 2.15± 0.1 2.52 2.07
Σ0b 0.39 0.33 0.46± 0.03 0.29 0.53
Σ−b -0.79 -0.93 -1.24± 0.05 -1.94 -1.01
Ξ′0b 0.39 0.44 0.60± 0.02 – 0.66
Ξ′−b -0.79 -0.84 -1.05± 0.04 – -0.91
Ω−b -0.79 -0.75 -0.85± 0.05 – -0.82
model with the bound-state approach was employed. Reference [47] extended the model used in Ref. [46], including
the vector mesons. The results of the Σ++c and Σ
0
c turn out to be the largest in size among all other models. On the
other hand, that of Σ+c from Ref. [47] is the smallest. Interestingly, the results of Ref. [48] are very similar to the
present ones, even though the relativistic three-quark model of Ref. [48] is very different from the present approach.
In the final column, the lattice results are given [33, 52], which show qualitatively a similar tendency. In Table IV,
we list the results of the bottom baryon sextet with spin 1/2 for completeness. The results are basically the same as
those of the charmed baryons.
TABLE V. Magnetic radii of the charmed baryon sextet with spin 1/2 in units of fm2.
Baryon 〈r2〉Bc(ms=0MeV)M 〈r2〉Bc(ms=174MeV)M [33]
Σ++c 0.62 0.62 0.696± 0.153
Σ+c 0.62 0.40 –
Σ0c 0.62 0.78 0.650± 0.126
Ξ+c 0.62 0.63 –
Ξ0c 0.62 0.72 –
Ω0c 0.62 0.64 0.354± 0.054
The magnetic radius is defined by
〈r2〉BQM = −
6
µB
dGBM (Q
2)
dQ2
∣∣∣∣
Q2=0
. (38)
In Table V, the numerical results of Eq. (38) are listed in comparison with the lattice data. When the linear ms
corrections are switched off, all the results turn out to be the same. This can be easily understood. As shown in
Eq. (38) the magnetic radius is normalized by the magnetic moment of the corresponding heavy baryon. In the present
mean-field formalism, we find that the flavor part or the D-function part of the derivative of the magnetic form factor
is canceled by the normalization due to the magnetic moment. Thus, all the magnetic radii of the lowest-lying baryon
sextet with spin 1/2 are expressed by the single equation
〈r2〉Σ++cM = 〈r2〉Σ
+
c
M = 〈r2〉Σ
0
c
M = 〈r2〉Ξ
+
c
M = 〈r2〉Ξ
0
c
M = 〈r2〉Ω
0
c
M . (39)
This is the unique feature of the model and moreover Eq. (39) is a special case of the U -spin relation. Note that the
magnetic radii of the baryon octet do not satisfy this relation. The present results of the magnetic radii are compared
with those from the lattice calculation [33]. Except for the Ω0c , we find that the results are in qualitative agreement
with the lattice data. Table VI lists the results of the magnetic radii for the bottom baryon sextet with spin 1/2. As
mentioned several times already, The results have no difference from those for the charmed baryons because of the
present mean-field approach.
TABLE VI. Magnetic radii of the bottom baryon sextet with spin 1/2 in units of fm2.
Baryon 〈r2〉Bb(ms=0MeV)M 〈r2〉Bb(ms=166MeV)M
Σ+b 0.62 0.62
Σ0b 0.62 0.42
Σ−b 0.62 0.77
Ξ0b 0.62 0.63
Ξ−b 0.62 0.71
Ω−b 0.62 0.64
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IV. SUMMARY AND CONCLUSION
In the present work, we have investigated the electromagnetic properties of the lowest-lying singly heavy baryons
with spin 1/2 within the framework of the chiral quark-soliton model. The model is a pion mean-field approach in
which a baryon is viewed as Nc valence quarks bound by the pion mean fields created self-consistently. In the same
manner, a singly heavy baryon can be regarded as Nc − 1 valence quarks in the presence of the pion mean fields, its
mass being assumed to be infinitely heavy. In this limit of the infinite heavy-quark mass, the heavy quark inside a
singly heavy baryon can be treated as a mere static color source. Thus, the structure of the heavy baryon is mainly
governed by the light-quark dynamics. In the chiral quark-soliton model, the constraint on the quantization rule
is imposed by the number of valence quarks. In the case of light baryons, the right hypercharge is constrained to
be Y ′ = Nc/3. Since the singly heavy quark, however, consists of the Nc − 1 valence quarks with the heavy quark
stripped off, the quantization rule should be modified by Y ′ = (Nc− 1)/3. Then the quantization naturally yields the
baryon antitriplet and the baryon sextet with both spins 1/2 and 3/2.
We first studied the electric properties of the baryon antitriplet and sextet with spin 1/2. The results show that the
Q2 dependence of the electric form factors for the positve-charged heavy baryons is very similar. Comparison of these
results with that of the proton electric form factor points to the conclusion that the heavy baryon is an electrically
compact object. The result of the Σ++c electric form factor was compared with the lattice data. As anticipated, the
present result falls off faster than the lattice one as Q2 increases. Keeping in mind that all the lattice results of the
proton electric form factor overestimate the experimental data when the unphysical pion mass is employed, we are
able to state that the present mean-field approach produce the consistent results of the electric form factors of the
positive-charged heavy baryons. We also computed the electric form factors of the neutral heavy baryons. The results
of the electric charge radii were also presented. We found that the effects of SUf(3) symmetry breaking are marginal.
Since the heavy baryons in the antitriplet contain the light-quark pair in spin zero in the present scheme, the
magnetic form factors vanish. So, we concentrated on those of the baryon sextet with spin 1/2. The magnetic
densities of the positive-charge heavy baryons are very similar to that of the proton, whereas the neutral ones take
after the neutron one. The results show that the magnetic form factors of the heavy baryons fall off monotonically
as Q2 increases. The results of the magnetic moments were compared with those from various works and were found
to be consistent each other, though there are differences quantitatively. The magnetic radii were also calculated.
Interestingly, when the effects of flavor SU(3) symmetry breaking are turned off, all the magnetic radii of the heavy
baryons turn out to be the same. This arises from the fact that the flavor parts of the magnetic form factors are
exactly canceled by the normalizations, i.e., magnetic moments. This can be also understood as a special case of the
U -spin relation.
In conclusion, the present pion mean-field approach describes the electromagnetic properties of the lowest-lying
singly heavy baryons consistently, compared with other models and lattice QCD. Thus, a singly heavy baryon is
indeed mainly explained by the light quarks inside it, while the heavy quark remains as a static color source. Of
course the effects of higher-order corrections in the expansion of the heavy quark mass should be required in order to
describe the electromagnetic properties of the heavy baryons. This is a very interesting issue for the future works. It
is also of great interest to study the electromagnetic form factors of the sextet baryon with spin 3/2. As in the case
of the baryon decuplet, we have additionally more form factors for the spin-3/2 heavy baryons such as the electric
quadrupole and magnetic octupole form factors. The corresponding work is under way.
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Appendix A: Matrix elements of the SU(3) Wigner D function
In the following, we list in Tables VII-XIV the results of the matrix elements of the relevant collective operators
for the EM form factors of the heavy baryons.
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TABLE VII. The matrix elements of the collective operators of the leading terms and the 1/Nc rotational corrections to the
electric form factors.
〈Λc|D(8)88 |Λc〉 = 〈Ξc|D(8)88 |Ξc〉 = 38Y
〈Λc|D(8)38 |Λc〉 = 〈Ξc|D(8)38 |Ξc〉 =
√
3
4
T3
〈Λc|D(8)8i Ji|Λc〉 = 〈Ξc|D(8)8i Ji|Ξc〉 = 〈Λc|D(8)3i Ji|Λc〉 = 〈Ξc|D(8)3i Ji|Ξc〉 = 0
〈Λc|D(8)8a Ja|Λc〉 = 〈Ξc|D(8)8a Ja|Ξc〉 = − 3
√
3
8
Y
〈Λc|D(8)3a Ja|Λc〉 = 〈Ξc|D(8)3a Ja|Ξc〉 = − 34T3
〈Σc|D(8)88 |Σc〉 = 〈Ξ′c|D(8)88 |Ξ′c〉 = 〈Ωc|D(8)88 |Ωc〉 = 320Y
〈Σc|D(8)38 |Σc〉 = 〈Ξ′c|D(8)38 |Ξ′c〉 = 〈Ωc|D(8)38 |Ωc〉 =
√
3
10
T3
〈Σc|D(8)8i Ji|Σc〉 = 〈Ξ′c|D(8)8i Ji|Ξ′c〉 = 〈Ωc|D(8)8i Ji|Ωc〉 = − 3
√
3
10
Y
〈Σc|D(8)3i Ji|Σc〉 = 〈Ξ′c|D(8)3i Ji|Ξ′c〉 = 〈Ωc|D(8)3i Ji|Ωc〉 = − 35T3
〈Σc|D(8)8a Ja|Σc〉 = 〈Ξ′c|D(8)8a Ja|Ξ′c〉 = 〈Ωc|D(8)8a Ja|Ωc〉 = − 3
√
3
20
Y
〈Σc|D(8)3a Ja|Σc〉 = 〈Ξ′c|D(8)3a Ja|Ξ′c〉 = 〈Ωc|D(8)3a Ja|Ωc〉 = − 310T3
TABLE VIII. The matrix elements of the collective operators of the leading terms and the 1/Nc rotational corrections to the
magnetic form factors.
〈Σc|D(8)33 |Σc〉 = 〈Ξ′c|D(8)33 |Ξ′c〉 = 〈Ωc|D(8)33 |Ωc〉 = − 15T3
〈Σc|D(8)83 |Σc〉 = 〈Ξ′c|D(8)83 |Ξ′c〉 = 〈Ωc|D(8)83 |Ωc〉 = − 310√3Y
〈Σc|D(8)38 J3|Σc〉 = 〈Ξ′c|D(8)38 J3|Ξ′c〉 = 〈Ωc|D(8)38 J3|Ωc〉 = 15√3T3
〈Σc|D(8)88 J3|Σc〉 = 〈Ξ′c|D(8)88 J3|Ξ′c〉 = 〈Ωc|D(8)88 J3|Ωc〉 = 110Y
〈Σc|dab3D(8)3a Jb|Σc〉 = 〈Ξ′c|dab3D(8)3a Jb|Ξ′c〉 = 〈Ωc|dab3D(8)3a Jb|Ωc〉 = 110T3
〈Σc|dab3D(8)8a Jb|Σc〉 = 〈Ξ′c|dab3D(8)8a Jb|Ξ′c〉 = 〈Ωc|dab3D(8)8a Jb|Ωc〉 = 320√3Y
Appendix B: Dynamical coefficients wi for the magnetic moments
In Eq. (29), the collective operator for the magnetic moments are defined in terms of the dynamical coefficients wi
that are expressed as
w1 =
∫
d3z
MN
3
(
Q0(z) + 1
I1
Q1(z)− 2M1M0(z)
)
w2 = − 1
I2
∫
d3z
MN
3
X2(z)
w3 = − 1
I1
∫
d3z
MN
3
X1(z)
w4 = 2
√
3M8
∫
d3z
MN
3
(
K2
I2
X2(z)−M2(z)
)
w5 =
1√
3
M8
∫
d3z
MN
3
(
K1
I1
X1(z)−M1(z)−M0(z)
)
w6 = − 1√
3
M8
∫
d3z
MN
3
(
K1
I1
X1(z)−M1(z) +M0(z)
)
. (B1)
The results of wi are listed in Table XV in comparison with those from Ref. [35], where wi were determined by
using the experimental data on the magnetic moments of the baryon octet.
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TABLE XIII. The relevant transition matrix elements of the collective operators coming from the anti-15plet component of the
baryon wave functions for the magnetic form factors.
R 6
B Σc Ξ
′
c Ωc
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√
2
5
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√
5
3
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TABLE XIV. The relevant transition matrix elements of the collective operators coming from the anti-24plet component of the
baryon wave functions for the magnetic form factors.
R 6
B Σc Ξ
′
c Ωc
〈B24|D(8)33 |BR〉 − 190T3 − 245√6T3 0
〈B24|D(8)83 |BR〉 − 115√3 − 115√2 − 115√2
〈B24|D(8)38 J3|BR〉 115√3T3 2
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45
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TABLE XV. Magnetic χ QSM parameters for M = 420MeV heavy baryon.
w1 w2 w3 w4 w5 w6
Charmed baryon(ms = 174MeV) −8.49 4.53 2.93 −1.21 −0.37 0.26
Bottom baryon(ms = 166MeV) −8.49 4.53 2.93 −1.16 −0.35 0.25
Yang et al. [35] −10.08± 0.24 4.15± 0.93 8.54± 0.86 −2.53± 0.14 −3.29± 0.57 −1.34± 0.56
